Background and objectives Although patients with ESRD have a higher fracture risk than the general population, there is conflicting evidence regarding fracture incidence in those with CKD. This study sought to determine the association between estimated GFR (eGFR) and fracture rates.
Introduction
Fractures are common with advancing age in the general population and result in excess morbidity, mortality, and healthcare costs (1) . Among patients with dialysis-dependent ESRD, fractures occur approximately four times more frequently, and at an earlier age, than in the general population (2) (3) (4) (5) . The increased fracture risk in patients with ESRD has been associated with both risk factors for fracture common to the general population (advanced age, female sex, and lower body mass index) (3, (5) (6) (7) as well as features specific to CKD (CKD-mineral and bone disorders) (2, (8) (9) (10) .
It is less clear whether individuals with nondialysis CKD have an increased risk of fractures. Although several abnormalities of mineral metabolism, including vitamin D deficiency, hyperphosphatemia, and secondary hyperparathyroidism, are common at earlier stages of CKD (11, 12) , prior studies have noted conflicting results with respect to an association between nondialysis CKD and fractures (13) (14) (15) (16) . Although some have identified increased fracture risk among those with lower estimated GFR (eGFR), existing studies vary with respect to included populations, definitions of fracture sites and mechanisms, determination and classification of eGFR, and consideration of potential effect modification by patient age and sex.
Given the adverse health consequences and economic burden associated with fractures (17, 18) , identifying whether earlier stages of CKD increase the risk for fractures would be important for designing future interventions. Therefore, we sought to determine the association between eGFR and rates of fractures of the hip, wrist, and vertebrae among adult residents of Alberta, Canada. We hypothesized that lower levels of eGFR would be independently associated with increased rates of fractures for these three sites.
Materials and Methods

Study Design and Population
We used a population-based cohort that included participants aged $18 years identified from the Alberta Kidney Disease Network, a provincial laboratory repository from Alberta, Canada (19 
Measurement of Kidney Function
Serum creatinine measurements were obtained from provincial laboratories, with measurements standardized across laboratories and traceable to an isotope dilution mass spectrometry reference standard as previously described (19) . Consistent with prior studies by our group (20, 21) , the index serum creatinine measurement was used to estimate renal function (eGFR) according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. The CKD-EPI equation has been validated in populations with and without kidney disease and has been found to more accurately estimate renal function, particularly at higher GFR (22) 
Measurement of Covariates
The study cohort was linked to administrative data files from the provincial health ministry (Alberta Health) to define demographic variables and comorbidities. Diabetes mellitus, hypertension, and history of a kidney stone episode in the 3 years before cohort entry were identified from physician claims and hospital discharge records based on validated algorithms (23) (24) (25) . Other comorbidities defined in the Charlson comorbidity index were identified using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) and International Classification of Diseases, Tenth Revision (ICD-10) coding algorithms applied to physician claims and hospitalization data (26) . The presence of one or more diagnostic codes in any position up to 3 years before cohort entry was used for identification of comorbidities. The six-digit residential postal code for each participant was linked to the Canadian Census (2001 or 2006, the closest year before the index date) using the postal code conversion file to determine rural or urban location of residence and median household income quintile.
Proteinuria was measured by urine dipstick on outpatient random spot urine samples. Urine dipstick results were categorized as normal (negative), mild (trace or 1+), or heavy ($2+) proteinuria. Proteinuria for patients without urine dipstick measurements was classified as "unmeasured." All outpatient urine dipstick measurements in the 6-month periods before and after the index eGFR were used to estimate baseline proteinuria.
Outcomes
We considered three outcomes: hip, wrist, and vertebral fractures. We specified hip fracture as the primary outcome given its validity and widespread application in studies of fragility fractures, whereas we considered wrist and vertebral fractures as secondary outcomes. Validated case definitions for fracture at each site were applied to administrative data according to ICD-9-CM and ICD-10 coding algorithms of physician billing claims and/or hospitalization records, with or without inclusion of physician procedure codes for fracture repair or immobilization as previously described (Supplemental Table 1 ) (27) . These fracture case definitions from administrative data have been validated against population-based clinically validated fractures. Because the objective of our study was to determine the association between eGFR and fracture rates, and due to the difficulty in determining fracture cause from administrative data, our primary outcome was fracture irrespective of the mechanism. In a sensitivity analysis, we excluded traumatic fractures from transport accidents based on ICD-10 codes (V01-V94) from the hospitalization file. Fractures were defined as incident using a 12-month washout period (no fracture of the same type during the preceding 12 months). Only the first fracture was considered for each patient.
Statistical Analyses
Baseline characteristics of the cohort by eGFR categories ($90, 60-89, 45-59, 30-44, and 15-29 ml/min per 1.73 m 2 ) were presented as medians and interquartile ranges for continuous variables and percentages for categorical variables. We hypothesized that lower levels of eGFR would be associated with fractures of the hip, wrist, and vertebrae. To test this, we used Poisson regression models to estimate the rates of hip, wrist, and vertebral fractures separately within each eGFR stratum. If the Poisson assumption that the outcome variance equals its mean was not met, a quasi-Poisson model was used. Given the well established variation in the rates of fracture for women and with increasing age, rates were stratified by age (,65, 65-74, 75-84, and $85 years) and sex. Rates were adjusted for sociodemographic characteristics, diabetes, hypertension, kidney stone episode, and Charlson comorbidities. We also tested for a U-shaped trend among each age and sex category for the three fracture sites by including a quadratic eGFR term in the models. Participants were followed from their index date (i.e., first available eGFR) until development of the outcome of interest or until study end on March 31, 2009. Patients were censored on the date of initiation of dialysis therapy or kidney transplantation, emigration outside of Alberta (identified from the Alberta Population Registry database), or death (identified from the Alberta Vital Statistics Registry). In a sensitivity analysis, we excluded traumatic fractures from transport accidents.
A significance level a of 0.05 was used on all statistical tests. Statistical analyses were conducted using R software (The R Project for Statistical Computing; www.r-project.org). Ethics approval for the study was obtained from the conjoint health research ethics board of the University of Calgary.
Results
Cohort Formation and Characteristics
We identified 1,823,430 patients who had at least one serum creatinine measurement during the study period.
We excluded 3168 patients who required renal replacement therapy before study entry, and 1615 patients who had eGFR ,15 ml/min per 1.73 m 2 . In addition, we excluded 1811 patients because they either died on their index date or had emigrated from Alberta and 893 patients who experienced a hip, wrist, or vertebral fracture on their index date. Therefore, the final study cohort included 1,815,943 adults (median follow-up of 4.4 years for each fracture outcome).
Baseline characteristics of the participants by eGFR category are listed in Table 1 . The median age of the cohort was 47 years (interquartile range, 24), and 55.7% were women. A total of 128,957 patients (7.1%) had baseline eGFR ,60 ml/min per 1.73 m 2 . Those with eGFR ,60 ml/min per 1.73 m 2 were older and had a higher prevalence of comorbidities and dipstick-positive proteinuria compared with those with normal renal function.
Hip Fracture
During the follow-up period, fracture of the hip occurred in 10,188 patients (0.6%). In women, the adjusted rates of hip fracture increased with increasing age for each eGFR stratum ( Figure 1A . Similar trends were evident for men ( Figure 1B) , although in general the rates were lower for each age and eGFR stratum compared with women. A statistically significant U-shaped trend (P,0.05) was observed for hip fracture rates only among women aged 65-74 years and men aged 18-64 and 75-85 years.
Wrist Fracture
During follow-up, a total of 18,762 patients (1.0%) experienced a wrist fracture. A similar trend as seen in hip fractures was evident for wrist fractures, with increasing adjusted rates with advancing age. As for hip fractures, unadjusted wrist fracture rates increased slightly at lower eGFR, particularly in women in the younger age categories. Adjusted wrist fracture rates, however, were similar across eGFR categories within each age stratum (Figure 2 Figure 2 . | Sex-specific wrist fracture rates (per 1000 person-years) by age and eGFR. Overall fracture rates for women (A) and men (B). Adjusted for sociodemographic characteristics, diabetes, hypertension, Charlson comorbidities, and episode of kidney stones.
experienced a similar trend in wrist fracture rates, although the increase in rates with age was less pronounced and the overall rates were lower than for women in each age group.
Vertebral Fracture
Overall, 12,070 patients (0.7%) experienced a vertebral fracture. The rates of vertebral fractures were higher in the higher age categories in both men and women, but again there was no apparent increase in unadjusted and adjusted rates across eGFR categories within each age group (Figure 3) . In women, vertebral fracture rates ranged from 8.1 to 10.7 per 1000 person-years in the group aged .85 years, and 2.2-2.9 per 1000 person-years in the group aged 65-74 years. In general, the vertebral fracture rates were lower in men than in women of a similar age. For men in the same age categories, fracture rates ranged from 5.6 to 7.4 per 1000 personyears and from 1.5 to 2.0 per 1000 person-years, respectively.
Overall Fracture Rates
Crude and adjusted fracture rates for all three sites combined are depicted in Figure 4 . As with fracture rates assessed at each site individually, the overall adjusted rates increased with advancing age in both sexes but were higher in women than in men. Within each age category, fracture rates were similar across eGFR levels.
Sensitivity Analyses
We obtained similar results in a sensitivity analysis, which excluded 262 hip, 449 wrist, and 939 vertebrae fractures from trauma due to transport accidents.
Discussion
In this community-based cohort of .1.8 million adults, we found that reduced eGFR was not associated with increased adjusted rates of incident hip, wrist, and vertebral fractures compared with normal renal function. The fracture rates varied by age and sex for all three fracture sites, which highlights the importance of considering both age and sex in studies of fracture risk.
Why was reduced eGFR not associated with increased fracture risk, in contrast to the excess fracture risk observed in patients with ESRD? The increased fracture risk among ESRD patients may relate to the more advanced underlying metabolic bone disease (CKD-mineral and bone disorder) observed in this population than in those with earlier stages of CKD (12, 28) . Of note, most of our patients had eGFR $30 ml/min per 1.73 m 2 , and although we did not have access to measures of mineral metabolism, other studies would suggest that even nondialysis patients with eGFR ,30 ml/min per 1.73 m 2 may not develop disordered mineral metabolism (29, 30) . In addition, a significant proportion of ESRD patients meet criteria for frailty (31) , which could predispose these patients to a higher risk of falls and fall-related morbidity including fractures than in the general population of a similar age (32). Although our unadjusted fracture rates suggest increased fracture risk (particularly at the hip) with declining eGFR, these results were attenuated after adjustment for additional demographic variables and comorbidities. These findings suggest common underlying risk factors in addition to age and sex in those with reduced eGFR (particularly in the larger population of CKD patients with eGFR $30 ml/min per 1.73 m 2 ) and the general population, rather than unique pathophysiology as seen in patients with ESRD. However, because we did not have bone biopsy data or other measures of mineral metabolism from patients, this remains speculative (33) . A recent prospective study that included patients with earlier stages of CKD (83% had an eGFR between 45 and 59.9 ml/min per 1.73 m 2 ) further supports these conclusions (34) . This study demonstrated that CKD patients with osteoporosis as defined by bone density criteria had a 2-fold higher risk of nonspine fragility fracture than those with normal bone density, which was similar to the risk in osteoporotic non-CKD patients.
Our results differ from existing studies (15, 16, (35) (36) (37) , which suggested an increased fracture risk among patients with CKD. A nested case-cohort study of 9704 women aged $65 years reported an increasing risk of hip but not vertebral fractures with declining GFR (estimated using the Cockcroft-Gault equation), which was highest with eGFR ,45 ml/min per 1.73 m 2 after adjustment for age, weight, and bone mineral density (P for trend = 0.02) (16) . However, there was no increase in risk of either hip or vertebral fractures when eGFR was estimated using the Modified Diet in Renal Disease (MDRD) study equation, and it is unclear whether patients with ESRD were excluded from this study. A study of 33,091 male veterans aged 50-90 years reported a nearly 4-fold higher risk of hip fracture among men with stage 4 CKD compared with men with normal renal function after multivariable adjustment (hazard ratio, 3.65 [95% CI, 1.87 to 7.13]), with no increased risk of hip fracture among those with stage 3 CKD (36). This study, however, was limited because its main findings were based on 11 fracture events in people with stage 4 CKD.
These and other previous studies reporting fracture rates in patients with CKD vary with respect to reporting of fracture site and mechanism (i.e., traumatic versus nontraumatic), estimation and classification eGFR, and consideration of age and sex as potential effect modifiers, which may explain some of the observed differences in fracture risk (13, 15, 16, 35, 37) . In comparison to earlier studies, we examined fracture incidence at three distinct sites within a large, diverse cohort inclusive of both sexes and over a wide range of adult ages and eGFRs. We stratified fracture rates at the three sites by age and sex given the potential for effect modification of these variables. Furthermore, we estimated GFR based on index serum creatinine according to the CKD-EPI equation. Although this equation performs similarly to the MDRD formula at lower eGFR, it is more accurate in determining eGFR at higher levels (22) . Interestingly, our results suggest that patients with eGFR .90 ml/min per 1.73 m 2 may have slightly higher rates of fracture than those with eGFR in lower ranges. This is particularly evident among the unadjusted hip fracture rates in the older age groups, with tests for U-shaped trends being statistically significant only among adjusted hip fracture rates in select age categories. Similar findings were previously described in association with other conditions including pneumonia and pneumonia-related complications (21) and may relate to overestimation of eGFR in patients with low muscle mass and chronic illness, both of which are known risk factors for falls and fractures. Despite the lack of a clearly demonstrated association between eGFR and fracture rates, our findings demonstrate both consistency and strength of association between fracture incidence and increasing age.
Our study has limitations that need to be considered, primarily related to its observational design. First, our cohort was limited to adults who had at least one serum creatinine measured as part of their medical care in Alberta (with baseline kidney function defined by their first measurement) and as such may include a greater proportion of adults with underlying comorbidity. Second, despite adjustment for a number of clinical and demographic covariates, we cannot eliminate the possibility of residual confounding by unmeasured variables that could affect fracture risk. These include, for example, menopausal status, patient weight, laboratory measures of mineral metabolism, and concurrent medication use. We were able to account for menopausal status in part through stratification by age and sex, and further adjustment for mineral metabolism parameters and medications is unlikely to negate the findings of this study. Third, because we used administrative data to identify fractures, there is potential for misclassification of fracture outcomes, particularly with respect to mechanism (i.e., traumatic versus nontraumatic). Because many vertebral fractures remain clinically undetected, reliable database coding of such fractures can be especially problematic in observational studies (38) . However, we used validated case definitions to identify our outcomes (Supplemental Table 1 ) (27) , and our primary analysis included all fractures, irrespective of mechanism. Furthermore, our sensitivity analysis, which excluded traumatic fractures from transport accidents, produced similar results and supports the validity of our findings. Finally, the median follow-up of 4.4 years may have been inadequate for the observed outcome of incident fractures. However, existing studies on incident fractures in CKD patients, including those demonstrating increased risk, have similar follow-up periods.
Future studies are needed to clarify the association between GFR and fracture risk, with consideration given to using measured GFR to categorize renal function given the limitations of serum creatinine-based GFR estimation equations. Further understanding of the role of underlying mineral bone disease in modifying this risk will also be important in individualizing targeted therapies for patients with CKD and fractures. One such study, Fracture Risk Assessment in Chronic Kidney Disease, Prospective Testing Under Real World Environments, is currently underway (39) . The results of this study, which aims to prospectively characterize prognostic factors for bone loss in patients with stages 3-5 CKD, including assessment of bone density and turnover via imaging modalities and bone biopsy, will greatly enhance our understanding of CKD and fracture risk.
In summary, we found that lower levels of eGFR were not associated with increased rates of fractures of the hip, wrist, and vertebrae relative to normal renal function. Rather, our findings suggest that sex and factors associated with aging have more important effects on fracture rates than lower levels of renal function.
